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Introduction
As for many other arid-land species, roots of the CAM
succulent Opuntia ficus-indica (L.) Miller
(Cactaceae) occur predominantly in the upper layers
of the soil, where the water content is both temporally
and spatially heterogeneous (Rundel & Nobel 1991;
Waisel, Eshel & Kafkafi 1996). Lateral root primordia
of O. ficus-indica and other CAM succulents are
formed during periods of soil drying; lateral roots
emerge in response to rainfall and abscise as soil dries
(Nobel, Loik & Meyer 1991). As for other species,
seasonally high temperatures limit root proliferation
near the soil surface (Nobel 1988). The low root:shoot
ratio for O. ficus-indica(0·14 on a dry mass basis;
Nobel 1988) and its low respiratory cost for both root
growth and maintenance (Nobel, Alm & Cavelier
1992) contribute to the high shoot productivity of this
CAM species, which is cultivated worldwide in semi-
arid regions for fodder and fruit and as a vegetable
(Nobel 1994). It is also an invasive species in several
regions of the world with similar climatic conditions,
e.g. southern Africa and Australia (Nobel 1988).
Distributions of many plant species are likely to be
altered by global climate change. Elevated CO2 levels
significantly increase productivity of O. ficus-indica
(Cui, Miller & Nobel 1993). Its growth is optimal at
day/night air temperatures of c. 25 °C/15 °C (Nobel
1988; Nobel & Israel 1994); it tolerates cladode
temperatures of over 60 °C but can be injured by
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Summary
1. Root elongation as a function of soil temperature was determined for the CAM
succulent Opuntia ficus-indica, under three different day/night air temperatures
(15 °C/5 °C, 25 °C/15 °C and 35 °C/25 °C) and an ambient (360µmol mol–1) vsa
doubled CO2 concentration (720µmol mol–1) at 25 °C/15 °C, the optimum temper-
ature for net CO2 uptake.
2. Root elongation occurred at soil temperatures from 12 °C (at 15 °C/5 °C) to 43 °C
(at 35 °C/25 °C) with optimum temperatures of 27–30 °C, similar to other CAM
succulents and consistent with the distribution of this shallow-rooted species in warm
regions. Although a doubled CO2 concentration did not alter the optimum or limiting
soil temperatures, increases of up to 5 °C in these temperatures accompanied the 20 °C
increase in day/night air temperatures.
3. Root elongation rates at optimum soil temperatures ranged from 5·4 mm day–1
(15 °C/5 °C), through 6·6 mm day–1 (25 °C/15 °C), to 10·4 mm day–1 (35 °C/25 °C)
with a 25% increase under a doubled CO2 concentration. Highest root elongation rates
at 35 °C/25 °C may reflect changing root vs shoot sink strengths in a species with a
highly plastic root system.
4. At limiting soil temperatures, the length of the cell division zone was reduced by an
average of 20% and cell length at the mid-point of the elongation zone by 10%.
Increased root elongation rates under a doubled CO2 concentration reflected increased
cell elongation.
5. The temperature response for the roots of O. ficus-indicaand stimulation of elonga-
tion by a doubled CO2 concentration indicate that root growth for this highly produc-
tive species should be enhanced by predicted global climate change. 
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The global warming of 3–5 °C predicted to accom-
pany increases in atmospheric CO2 (Adams et al.
1990) could substantially increase the cultivation
regions for this species (Nobel 1996).
How temperature affects root elongation, a growth
parameter highly sensitive to temperature (Vincent &
Gregory 1989; Drennan & Nobel 1996), is not known
for O. ficus-indica. Root elongation for the CAM suc-
culent Agave desertiis greatest at a soil temperature of
c. 30 °C, which may account for its shallow rooting
habit (Drennan & Nobel 1996). Increased CO2 con-
centrations can also affect root elongation (Rogers
et al. 1992). Thus the present study investigated the
effects of different soil temperatures on the rate of root
elongation for O. ficus-indicaunder different air tem-
peratures and a doubled CO2 concentration. Increased
root elongation associated with elevated CO2 concen-
trations is attributable to increased cell elongation for
roots of several species (Ferris & Taylor 1994;
Drennan & Nobel 1996). Therefore, responses of cell
division and elongation in the root apical regions of O.
ficus-indica to soil temperature and a doubled CO2
concentration were also characterized.
Materials and methods
Cladodes of O. ficus-indicawere obtained from the
Agricultural Research Station, University of
California, Riverside, CA; the material was originally
collected at Chapingo, state of Mexico, Mexico
(accession number 1279 of Texas A & M University,
Kingsville). The cladodes were 294 ± 46 mm long,
192 ± 15 mm wide, 28 ± 5 mm thick and 877 ± 170 g
in fresh mass (means ± SE, n = 24). Cladodes were
dried in the shade for 10 days and then planted in con-
tainers (320 mm× 260 mm, with 100 mm deep soil)
with one-quarter of the cladode surface area in the soil
(50% field soil from the Agricultural Research Station
and 50% medium quartz sand). Plants were trans-
ferred into Conviron E-15 environmental chambers
(Controlled Environments, Pembina, ND), where they
were maintained under day/night temperatures of
25 °C/15 °C with a 12 h photoperiod. The total daily
photosynthetic photon flux (PPF, 400–700 nm; mea-
sured using a LI-190S quantum sensor, Li-Cor,
Lincoln, NE, USA) averaged 20 mol m–2 day–1 in the
planes of the cladode surfaces. Soil was maintained at
field capacity by watering on alternate days with
0·1 Hoagland’s solution.
After initiation of an adventitious root system during
3–4 weeks at 25 °C/15 °C, the plants were randomly
assigned to four experimental growth conditions (light,
soil and watering were unchanged). Three day/night
air temperatures were selected to provide optimal
(25 °C/15 °C), suboptimal (15 °C/5 °C) and supra-
optimal (35 °C/25 °C) conditions for net CO2 uptake
by O. ficus-indicaat the current ambient value of
360µmol mol–1 (Nobel 1988). At 25 °C/15 °C, a dou-
bled CO2 concentration of 720µmol mol–1 obtained
by the regulated release of 100% CO2 (adjusted by
needle valves and monitored using a Li-Cor LI-6200
IRGA portable photosynthesis system), was also
used. To minimize the effect of chamber bias, treat-
ment and plants were switched among chambers at
weekly intervals. A gradient of soil temperature
from about 5–50 °C (measured using copper-con-
stantan thermocouples with an HH-25TC digital
thermometer, Omega Engineering, Stamford, CT,
USA) was established along the length of each con-
tainer. Water, whose temperature was regulated
using an A82 temperature-controlled circulator
(Haake, Karlsruhe, Germany), was pumped through
hree copper tubes (with an inner diameter of 6 mm)
that extended horizontally across the width at each
end of a container; water was cooled for one end and
heated for the other. The three tubes were positioned
c. 20 mm apart vertically beginning 25 mm below
the soil surface, which was insulated with 15 mm-
thick Styrofoam sheets.
To enable measurement of root elongation, the
entire root system of each plant was carefully exca-
vated before the four experimental treatments were
imposed and stained by immersion in a 0·05% (w/w)
aqueous solution of neutral red (pH 6·5) for 15 min
(Schumacher et al. 1983), followed by replanting.
Subsequent root elongation, discernible as unstained
material in the root apical regions, was measured
using calipers every other day for 4 weeks for each
plant; roots were restained immediately after each
measurement. The soil temperature adjacent to the
root apical meristem was determined using a copper-
constantan thermocouple. Each container had eight
randomly arranged, 60 mm-diameter soil plugs
(wrapped in nylon mesh) that varied in depth from 40
to 90 mm. To minimize root disturbance, only those
roots revealed by the removal of the plugs were mea-
sured, amounting to 45% of the 20–35 main roots
produced per plant.
Cell division and elongation were examined
anatomically for root tips (c. 20 mm in length) that
had grown under suboptimal soil temperatures (within
the lower third of the temperature range), optimal
temperatures (within 3 °C of the optimum tempera-
ture) and supraoptimal temperatures (upper third of
the temperature range) for each plant. Hand-cut longi-
tudinal sections through the root apex were stained in
0·05% (w/w) aqueous toludine blue, mounted in dis-
tilled water and viewed using bright field optics with a
BHT microscope (Olympus, Lake Success, NY,
USA). Cortical cell length as a function of distance
from the root apical meristem, measured using an ocu-
lar micrometer, was used to determine the length of
the cell division zone and average cell length in the
cell division and the cell elongation zones (Ferris &
Taylor 1994). The number of lateral roots occurring in
the apical 60 mm of main roots produced under sub-
optimal, optimal and supraoptimal soil temperatures
was also determined for each treatment.
960






To determine the optimum soil temperature (Topt)
for root elongation for O. ficus-indica, as well as the
minimum (Tmin) and maximum (Tmax) temperatures
leading to elongation, a third-order polynomial was fit-
ted to the elongation rate as a function of the soil tem-
perature for each plant (Drennan & Nobel 1996). Topt
was obtained by setting the first-order derivative of
these equations to zero, and Tmin and Tmax were deter-
mined by extrapolation to the x-axis. Differences in
these three parameters between the four experimental
conditions were tested using ANOVA. The elongation
measurements obtained from the six plants used per
experimental condition were averaged over soil tem-
perature intervals of 2 °C and differences between con-
ditions in root elongation rate for any given
temperature interval were tested using a t-test. A paired
t-test was used to test the effects of a doubled CO2 con-
centration. Anatomical data were subjected to ANOVA.
Results
The rate of root elongation for O. ficus-indicaincreased
with soil temperature up to an optimum temperature for
elongation (Topt) of 28 °C for plants growing at
25 °C/15 °C, then approximately symmetrically
decreased (Fig. 1). The relationship between soil tem-
perature and elongation rate could be described by a
third-order polynomial (Fig. 1) for individual plants
under all four treatments. However, the average mini-
mum (Tmin), optimum and maximum (Tmax) soil tem-
peratures for elongation differed for plants maintained
under the different air temperature treatments (P < 0·01
analysed using ANOVA, Table 1). In particular, for plants
grown under day/night air temperatures of 25 °C/15 °C,
Topt was 28 °C and root elongation ceased at a low tem-
perature of 14 °C and a high temperature of 41 °C.
Plants grown at day/night air temperatures of 15 °C/5 °C
showed a 1–2 °C downward shift in Tmin and Topt com-
pared with plants grown at 25 °C/15 °C, but Tmaxdid not
change (Table 1). Plants grown at day/night air tempera-
tures of 35 °C/25 °C showed an c. 2 °C upward shift in
Tmin, Toptand Tmaxrelative to the 25 °C/15 °C treatment.
For plants at day/night air temperatures of 25 °C/15 °C,
Tmin, Topt and Tmax, were similar at CO2 concentrations
of both 720 and 360µmol mol–1 (Table 1).
The root elongation rate at Topt for plants grown at
an ambient CO2 concentration was 5·4 mm day
–1 at a
day/night air temperature of 15 °C/5 °C, 6·6 mm day–1
at 25 °C/15 °C (P > 0·05) and 10·4 mm day–1 at
35 °C/25 °C (P< 0·01; Fig. 2). Doubling the CO2 con-
centration at 25 °C/15 °C increased the root elonga-
tion rate at Topt by 25% (P < 0·05, Fig. 2).
Root-tip anatomy for O. ficus-indicawas influ-
enced by both air and soil temperature (Table 2). Cell
length in the zone of cell division was the same for all
four treatments. However, the length of the zone of
cell division was greater at 25 °C/15 °C than at either
15 °C/5 °C or 35 °C/25 °C (P < 0·01). Zone length
was also significantly greater for roots sampled at
Tmid (within 3 °C of the optimum soil temperature for
elongation) than those from Tsub or Tsupra(the lower
and upper third of the temperature range for elonga-
tion, respectively; P < 0·05). Cell length in the zone of
elongation was less for roots sampled at Tsub
(P< 0·05). A doubled CO2 concentration increased the
length of the zone of cell division as well as cell length
in the elongation zone for Tmid (P < 0·05; Table 2).
The number of lateral roots occurring on the apical
regions of main roots of plants grown at 25 °C/15 °C
was lower for roots growing at Tsub than for Tmid and
Tsupra (Table 3). Lateral root production was similar
for plants grown at 360µmol mol–1 CO2 vs
720µmol mol–1 CO2.
Discussion
Root elongation rates for the CAM succulent O. ficus-





Fig. 1. Representative relationship between elongation rates of individual roots and
soil temperature of a single plant ofOpuntia ficus-indicamaintained under a
day/night air temperature of 25 °C/15 °C and a doubled CO2 concentration
(720 µmol mol–1). The regression line fitted through the points is a third-order poly-
nomial: root elongation (mm day–1) = – 29·2 + 2·50T – 0·0441T2 + 5·72× 10–6T3,
with T in °C (r2 = 0·73, P < 0·001).
Table 1. Tmin, Toptand Tmaxfor root elongation of Opuntia ficus-indicaunder various
day/night air temperatures and at an ambient as well as a doubled CO2 concentration.
Values were determined from the third-order polynomials (see Fig. 1) and are aver-
ages ± SE (n = 6 plants). For each temperature, means followed by different super-
scripts are significantly different at P < 0·05
Day/night CO2 Temperature ( °C)
temperatures concentration
( °C/°C) (µmol mol–1) Tmin Topt Tmax
15/5 360 12·0 ± 1·5a 27·1 ± 0·5a 40·5 ± 0·7a
25/15 360 14·2 ± 0·6b 28·4 ± 0·8ab 40·6 ± 0·2a
25/15 720 15·3 ± 0·7b 28·9 ± 0·8ab 40·5 ± 0·6a
35/25 360 16·8 ± 0·5c 30·1 ± 0·5b 42·8 ± 0·4b
shoot temperature and atmospheric CO2 concentra-
tion. The soil temperature range for its root elongation
of 12–43 °C is within the range found for other
Sonoran Desert species (5–50 °C, Drennan & Nobel
1996) and is consistent with the distribution of O.
ficus-indica in warm regions of the world (Nobel
1988, 1994). The minimum temperature for root elon-
gation (Tmin) for O. ficus-indicais higher than that for
most mesic species (McMichael & Burke 1996); this,
together with the decrease in root hydraulic con-
ductivity of O. ficus-indicathat occurs at low soil
temperatures (Cui & Nobel 1994) must contribute to
the low productivity of O. ficus-indicaassociated with
seasonal low temperatures (Nobel 1996).
The optimum temperature for root elongation (Topt)
for O. ficus-indicaof 27–30 °C is higher than that of
many mesic species (15–25 °C, Bowen 1991) but is
similar to Topt for the CAM succulent A. deserti
(30–33 °C Drennan & Nobel 1996) and Ferocactus
acanthodes(just over 30 °C, Jordan & Nobel 1984).
For many C3 and C4 species, Topt is similar to the opti-
mum temperature for photosynthesis (Reddy et al.
1994; Drennan & Nobel 1996). Opuntia ficus-indica
has maximum CO2 uptake at a night-time temperature
of 15 °C, more than 10 °C less than Topt for root elon-
gation but similar to the night-time temperature for
maximum CO2 uptake by A. desertiand F. acanthodes
(Nobel 1988). Optimum temperatures for daytime
photosynthesis by these three CAM species are not
known but presumeably are close to 30 °C. Topt for O.
ficus-indicaand other CAM succulents may be close
to optimal temperatures for most metabolic processes,
whereas the low night-time temperature for maximal
stomatal opening and CO2 uptake may be related to
high water-use efficiency (Israel & Nobel 1995). Few
studies have considered whether enzymes from the
roots of plants show the same optimum temperatures
for activity as those from the shoots. Tmin, Topt and
Tmaxfor O. ficus-indicashifted upward with increases
in air temperature from 15 °C/5 °C to 35 °C/25 °C.
Such adaptive acclimation would increase the produc-
tivity of this species, especially during seasonal tem-
perature extremes.
The temperature response for root elongation influ-
ences rooting depth and seasonal root activity
(Drennan & Nobel 1996; McMichael & Burke 1996).
Species with a low Topt are predicted to show maxi-
mum rooting deeper in the soil and earlier in the grow-
ing season than species with a higher Topt. Using the
established Tmin, Topt and Tmax for A. desertiand soil
temperatures found in the north-western Sonoran
Desert, its maximal root elongation is predicted to
occur in the upper 0–40 mm soil layer during winter
and summer, with deeper rooting occurring during the
less extreme spring (Drennan & Nobel 1996). The
temperature response for root elongation of O. ficus-
indica is similar to that for A. desertiand consistent
with the majority of its rooting also occurring in the
upper part of the soil profile (Nobel 1988).
The root elongation rate measured for O. ficus-
indica, which at Topt averaged 7·5 mm day
–1 for the
three air temperature treatments, was similar to values
obtained for other CAM succulents, viz.
5–10 mm day–1 for A. deserti(Jordan & Nobel 1984;
Drennan & Nobel 1996) and 5 mm day–1 for F. acanth-
odes (Jordan & Nobel 1984). Root elongation was
greatest for O. ficus-indicagrown at day/night temper-
atures of 35 °C/25 °C, which is unexpected given that
maximum root elongation for most species is associ-
ated with conditions that maximize CO2 assimilation
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Fig. 2. Root elongation rate over 2 °C temperature intervals ssoil temperature for
O. ficus-indicagrown under day/night air temperatures of (a) 15 °C/5 °C, (b)
25 °C/15 °C and (c) 35 °C/25 °C and an ambient CO2 concentration of
360 µmol mol–1 (solid circles) and under a day/night air temperature of (b)
25 °C/15 °C and a doubled CO2 concentration of 720 µmol mol
–1 (solid triangles).
Data are means ± SE (n = 6 plants).
(Aguirrezabal, Deleens & Tardieu 1994). In addition,
the root elongation rates for O. ficus-indicaat Topt and
an air temperature of 15 °C/5 °C were not signifi-
cantly lower than those at optimal air temperatures for
net CO2 uptake (25 °C/15 °C).
Changes in sink strength in roots are often associ-
ated with conditions that disrupt the balance between
shoot and root activity. For example, when the CAM
plant Agave lechuguillais over-watered, more carbon
is partitioned to the root system, compensating for the
higher rates of transpiration associated with daytime
carbon uptake (Nobel, Quero & Linares 1989). For O.
ficus-indicaunder drought stress, carbohydrate export
from the basal cladodes to the root system increases
23% and export to the daughter cladodes decreases
6% compared to non-droughted controls (Luo &
Nobel 1992). In species such as O. ficus-indicathat
show little short-term plasticity in shoot growth but
have rapid and very plastic root growth, conditions
favouring an increased root:shoot ratio may be
accompanied by increased root elongation rates.
The 25% increase in root elongation rate for O.
ficus-indicawhen the CO2 concentration was doubled
is consistent with the increase in root biomass for this
species under similar conditions (Nobel et al. 1994).
No significant difference was found in lateral root for-
mation between an ambient and a doubled CO2 con-
centration. Thus root elongation, and possibly also an
increase in root diameter and/or mass as is found in
cotton (Reddy et al. 1994), contribute to increased
root growth under a doubled CO2 concentration for O.
ficus-indica. Lateral root formation was less in the
lower part of the temperature range for both CO2 con-
centrations, as occurs for most species (Bowen 1991).
Extremes in soil temperature decreased the rate of
cell division in the apical region for O. ficus-indica, as
for other species (López-Sáez t al. 1969; Drennan &
Nobel 1996). The decreased cell elongation that
occurred at Tsubis also a characteristic response to low
temperatures and is associated with changes in cell
wall properties (Pritchard et al. 1990). Wall properties
leading to increased plasticity and increased turgor
possibly result in increased cell elongation in response
to elevated CO2 levels (Ferris & Taylor 1994). Both
increased cell length and an increased cell division
rate were found for O. ficus-indicaunder a doubled
CO2 concentration.
Studies on shoot net CO2 uptake suggest that c.46%
more land in the United States will become suitable
for the cultivation of O. ficus-indicaand productivity
will increase by 30% for the climatic conditions pre-
dicted to accompany a doubling in atmospheric CO2









Table 2. Anatomical measurements for root tips of O. ficus-indicagrown under various day/night air temperatures and at an
ambient as well as a doubled CO2 concentration. Roots were sampled within the lower third of the soil temperature range for
growth (Tsub), within 3 °C of the temperature optimum for growth (Tmid) and in the upper third of the temperature range for
growth (Tsupra). Data are means ± SE (n = 6 plants)
Cell division zone Cell length 
Day/night at middle of
temperatures CO2 concentration Soil temperature Cell length Zone length elongation zone 
( °C/ °C) (µmol mol–1) region (µm) (µm) (µm)
15/5 360 Tsub 15·1 ± 0·9 566 ± 34 135 ± 17
Tmid 13·9 ± 0·7 880 ± 110 146 ± 9
Tsupra 14·5 ± 0·5 844 ± 48 152 ± 13
25/15 360 Tsub 15·9 ± 1·1 701 ± 41 135 ± 20
Tmid 16·0 ± 0·8 1069 ± 94 158 ± 19
Tsupra 13·6 ± 0·5 856 ± 37 150 ± 13
25/15 720 Tsub 13·1 ± 0·9 616 ± 42 118 ± 16
Tmid 13·6 ± 0·4 946 ± 53 175 ± 9
Tsupra 13·4 ± 0·7 891 ± 52 144 ± 15
35/25 360 Tsub 13·5 ± 0·6 554 ± 70 126 ± 7
Tmid 13·3 ± 0·8 776 ± 98 148 ± 11
Tsupra 13·3 ± 1·0 776 ± 25 139 ± 10
Table 3. Number of lateral roots occurring in the apical
region of main roots of O. ficus-indica. The distal 60 mm of
main roots was sampled within the lower third of the soil
temperature range for growth (Tsub), within 3 °C of the tem-
perature optimum for growth (Tmid) and in the upper third of
the temperature range for growth (Tsupra). Data are means
± SE (n = 6 plants) growing at day/night air temperatures of
25 °C/15 °C. Means followed by different superscripts are
significantly different at P < 0·05
CO2 concentration Soil temperature Number of
(µmol mol–1) region lateral roots
360 Tsub 0·1 ± 0·2
a
Tmid 2·3 ± 0·8
b
Tsupra 2·9 ± 0·7
b
720 Tsub 0·7 ± 0·6
a
Tmid 1·8 ± 0·6
b
Tsupra 2·3 ± 0·5
b
for the O. ficus-indica, the increased root growth at
higher air temperatures, as well as the positive
response to increasing CO2 concentration should fur-
ther enhance the productivity of the species under
global warming.
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